Abstract: Avian haemosporidians are common vector-borne blood parasites that have been reported in birds all over the world. Investigations of avian haemosporidian parasites are conducted mainly on passerine birds. However, studies that focus on non-passerine avian hosts are important for our understanding of the true diversity, host specificity and genetic variability among these widespread parasites. In the present study, blood samples from a total of 22 raptor birds belonging to two orders, two families and six species from the Central Anatolia Region of Turkey were investigated for three genera of avian haemosporidians (Plasmodium Marchiafava et Celli, 1885, Haemoproteus Kruse, 1890 and Leucocytozoon Sambon, 1908) using a combination of microscopic examination of blood films and nested PCR targeting the parasite mitochondrial cytochrome b gene (cyt-b). In total, six individual raptor birds identified positive for species of Plasmodium or Leucocytozoon and one individual was found co-infected with all three haemosporidian genera. We identified five parasite cyt-b haplotypes, three of which were reported for the first time. Among these, one Plasmodium haplotype is linked to a corresponding morphospecies (P-TURDUS1, Plasmodium circumflexum Kikuth, 1931). All haplotypes were clearly distinguishable in phylogenetic analyses. As one of the first studies to investigate blood parasites from non-passerine birds in the Central Anatolia Region of Turkey, this study provides important new information on the phylogenetic relationships and genetic diversity of avian haemosporidian parasites from raptor birds. We discuss these findings in the context of avian haemosporidian host-parasite relationships and we draw attention to the need for microscopy to detect parasite sexual development stages in surveys of avian haemosporidians.
Avian haemosporidians (Apicomplexa: Haemosporida) belonging to the families Haemoproteidae, Plasmodiidae and Leucocytozoidae are vector-borne parasites that are found in birds all over the world. Avian haemosporidian parasites are transmitted by biting midges, louse flies, black flies and mosquitoes (Valkiūnas 2005) . More than 250 species of avian haemosporidians have been described and named according to morphological characteristics of parasite blood stages, and over 2 000 unique genetic haplotypes have been identified and recorded by molecular studies (Valkiūnas 2005 , Clark et al. 2014 ). Because these blood parasites are abundant and diverse, they constitute excellent model organisms for the study of wildlife parasitology and have been the focus of research efforts for over 100 years (Valkiūnas 2005 , Bensch et al. 2013 .
Raptor birds (Accipitriformes and Strigiformes) are located at the top of the food chain and can play very important roles in the ecosystem. However, most studies of avian haemosporidian parasites have been conducted on passerines (Passeriformes), with very little focus on raptor hosts (Krone et al. 2008 , Clark et al. 2014 ). More studies are crucial to improve our understanding of the true diversity, genetic variability and host specificity of blood parasites in raptor birds, particularly since raptor hosts are highly diverse and can support cryptic speciation of avian haemosporidians (Sehgal et al. 2006 , Pérez-Rodríguez et al. 2013 . Moreover, while the blood parasites are generally thought to be harmless, there is evidence that infections can be harmful (Remple 2004) . Studies have suggested that avian haemosporidian infection can cause reduced speed, reduced strength in flight, poor appetite, weight loss, anemia, airsacculitis and arthritis in hosts (Remple 1981 , 2004 , Dawson and Bortolotti 2000 , Merino et al. 2000 . Thus, from a conservation perspective, the diagnosis and treatment of avian haemosporidian infections are important for controlling the cumulative effects of blood parasites in raptor birds.
Turkey is home to a high diversity of birds and is considered one of the most important regions in Europe and the Middle East for migratory birds that travel through Africa, Europe and Asia (Yigit et al. 2008) . However, there are very few studies on avian haemosporidians and their vectors in this geographic region (Inci et al. 2012 (Inci et al. , 2013 (Özmen et al. 2005, 2009 ). According to our knowledge, there are only two published molecular surveys of avian haemosporidians in Turkey, one that focused on the Krüper's nuthatch (Sitta krueperi Pelzeln) and another that sampled a tawny owl (Strix aluco Linnaeus) (Marzal and Albayrak 2012, Yildirim et al. 2013) . The ability to detect avian haemosporidians in vertebrate hosts has been improved recently with the advent of molecular-based screening techniques (Bensch et al. 2000 , Ricklefs and Fallon 2002 , Beadell et al. 2004 ). In addition, our understanding of the genetic diversity and host specificity of avian haemosporidians has been vastly improved through molecular surveys , Ventim et al. 2012 ) and these methods have facilitated the description of numerous parasite DNA sequences that have been deposited in GenBank and the MalAvi databases (Ricklefs et al. 2004 , MalAvi 2015 . Nevertheless, although PCR-based methods have very low detection thresholds and are considered more sensitive than traditional parasitological methods, microscopic analyses remain essential for understanding the true diversity and host specificity of avian haemosporidians , Clark et al. 2015 . It is therefore important to combine microscopic and molecular surveys for characterising avian haemosporidians in wild avian hosts , Clark et al. 2014 .
In the present study, we aim to investigate avian haemosporidian parasites in accipitriform and strigiform host samples from the Central Anatolia Region of Turkey. We combine both traditional microscopy and molecular-based techniques in order to carry out one of the first descriptions of the phylogenetic relationships, haplotype diversity and host specificity of haemosporidian parasites from raptor birds.
MATERIALS AND METHODS
We sampled injured and/or sick individual accipitriform and strigiform birds that were found in Kayseri Province or near cities in the Central Anatolia Region of Turkey. All sampled birds were brought to the Surgery Department of Veterinary Education Research and Practice Hospital of Erciyes University, Kayseri for treatment and rehabilitation between February 2013 and June 2014. Blood samples were taken from vena cutanea ulnaris of 20 accipitriform and 2 strigiform hosts using insulin syringes for investigating the presence of haemosporidian parasites during the hospitalisation process (Table 1) . About 50-100 µl of blood was taken and stored in EDTA (ethylenediaminetetraacetic acid) tubes and immediately placed at -20 °C for DNA extractions. Immediately after puncturing the vein, at least two thin blood films were prepared on clean glass slides from each bird and air-dried within 5-10 s after their preparation. Blood films were fixed in 100% methanol and stained with 10% Giemsa as described by Valkiūnas et al. (2008a) .
Microscopic examinations were carried out to distinguish between parasite sexual or asexual blood stages, a determination that cannot be made by PCR amplification. Each blood film was carefully examined using an Olympus BX43 light microscope (Olympus, Tokyo, Japan) equipped with Olympus DP73 digital camera. At least 100 fields were examined under 400× and 1 000× magnification for 30-45 min. Morphological identification of parasites was performed according to Valkiūnas (2005) .
Prior to DNA extraction, 10-15 µl of blood from each sample was diluted with 200 µl of PBS buffer (0.01 M phosphate buffer, 0.0027 M KCl, 0.137 M NaCl, pH 7.4). Total genomic DNA (gDNA) was extracted from blood samples using Blood Genomic DNA Kits (AP-MN-BL-GDNA-250, Axygen Biosciences, Tewksbury, MA, USA) and eluted in 50 µl elution buffer following the manufacturer's instructions. The isolated gDNA was stored at -20 °C until molecular analysis. DNA concentrations of samples were measured using the Nano Drop Spectrophotometer (ASP-3700, ACT Gene, Piscataway, NJ, USA) prior to molecular analyses to standardise the amount of gDNA used in PCR amplifications.
Genomic DNA from blood samples was analysed by nested PCR method for amplification of the cytochrome b gene (cyt-b) of avian haemosporidian mitochondrial DNA (mtDNA). For the first amplification, we used primers HaemNFI and HaemNR3, which were designed to detect DNA from species of Leucocytozoon Sambon, 1908, Hae moproteus Kruse, 1890 and Plasmodium Marchiafava et Celli, 1885 (see Hellgren et al. 2004 ). For Table 1 . Raptor bird species and infection results from microscopic examination of blood films and PCR screening. GenBank accession numbers of parasite haplotypes are given in parentheses.
Positive in microscopic examination Positive in PCR screening
Total Parasite haplotypes with GenBank Accession Nos.
; L -Leucocytozoon sp.; P -Plasmodium sp.; 1 newly described haplotypes.
the second PCR round, HAEMF-HAEMR2 primers (Bensch et al. 2000) and HaemFL-HaemR2L primers (Hellgren et al. 2004) were used for the amplification of species of Haemoproteus/Plasmodium and Leucocytozoon, respectively. The first PCR reaction was performed in a total volume of 25 μl, composed of 12.5 μl of commercial Master Mix (Maxima Hot Start PCR Master Mix, Thermo Scientific, Waltham, MA, USA), 10 μM concentrations each primer and 50 ng of genomic DNA in C1000 Thermal Cycler (Bio-Rad, Hercules, CA, USA). For the second PCR, 1 μl of the first PCR's product was used as template. PCR cycling profiles followed Hellgren et al. (2004) . Amplification products (10 μl) were analysed by gel electrophoresis in 1.5% agarose containing ethidium bromide (0.5 µg/ml). The amplicons were visualised with UV illumination and imaged on a CLP Gel Documentation System (UVP INC Uplant, CA, USA). Two positive controls (Haemoproteus sp. and Leucocytozoon sp. which were provided by Department of Parasitology, Faculty of Veterinary Medicine, Erciyes University, Kayseri, Turkey and Department of Biology, Molecular Ecology and Evolution Laboratory, Lund University, Lund, Sweden, respectively) and one negative control (sterilised-deionised water) were used in all PCR amplifications. All samples were analysed twice for avian haemosporidians by nested PCR. Samples exhibiting positive amplification were purified for sequencing using the High Pure PCR product purification kit (Roche, Mannheim, Germany). The cyt-b target fragment was sequenced in both directions using HAEMF-HAEMR2 primers for species of Plasmodium and Haemoproteus spp. and Haem-FL-HaemR2L primers for Leucocytozoon (Macrogen, Amsterdam, The Netherlands). Sequences were edited in Geneious R8 (Kearse et al. 2012) . The sequences were aligned to homologues available from GenBank using the BLASTn algorithm with the default settings. We calculated sequence divergences between different haplotypes using a Kimura 2-parameter substitution model (Kimura 1980) implemented in the program MEGA 6 (Tamura et al. 2013). The final cyt-b haplotypes were identified and named (as a haplotype name) following the nomenclature in the MalAvi database. Unique nucleotide sequences generated in this study were deposited in GenBank with accession nos. KC876042, KC962151-2, KP000840-2 and KP883279-80.
Sequences of this study along with several haplotype sequences from species of Plasmodium and Leucocytozoon available in the MalAvi or GenBank databases were used in the construction of phylogenetic trees. The phylogenetic tree was constructed using Maximum Likelihood (ML) analysis based on the Kimura 2-parameter model (Kimura 1980) in the program MEGA 6 (Tamura et al. 2013 ). We performed 1 000 bootstrap iterations for each tree. We obtained initial trees for the heuristic search by applying BioNJ and Neighbor-Join algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach and selecting the appropriate topology based on log likelihood values. A phylogenetic tree (Fig. 3 ) reconstruction was also performed by Bayesian inference. The Bayesian analysis was run in MrBayes version 3.2.6 (Huelsenbeck and Ronquist 2001) through the Geneious R8 (Kearse et al. 2012 ) software in order to compare the obtained sequences with the haplotype sequences from species of Plasmodium that were microscopically identified and information is available in the MalAvi and GenBank databases. The General Time Reversible Model including invariable sites and variation among sites (GTR + I + G) was utilised according to the results of the Akaike's Information Criterion in jModelTest version 0.1.1 (Posada 2008) . Two Markov Chain Monte Carlo (MCMC) simulations were run simultaneously for 10 million generations with sampling every 200 generations. Before constructing a majority consensus tree, 25% of the initial trees in each run were discarded as burn-in periods. The available haplotype sequences from morphologically-described species of Leucocytozoon from raptor birds in the MalAvi and GenBank databases were amplified by using different primer pairs targeted different fragment of the parasite cyt-b gene. Thus, these sequences could not be used in the phylogenetic constructions along with the obtained sequences from Leucocytozoon haplotypes in this study.
RESULTS

Morphological analysis
Two birds from the order Accipitriformes were infected with Plasmodium spp. and three birds (two from Accipitriformes and one from Strigiformes) were infected with Leucocytozoon spp. By microscopic examination, one bird from Accipitriformes was found to be co-infected with haemosporidians belonging to all three parasite genera (Haemoproteus, Leucocytozoon and Plasmodium) ( Table 1 ). In birds that were positive for infection with Leucocytozoon spp., fusiform-shaped gametocytes were found in all blood films (Fig. 1A,B) . The Haemoproteus sp. infection was characterised by gametocytes that were closely appressed to the nucleus of infected erythrocytes (Fig. 1C ). For infection with Plasmodium spp., roundish and/or irregular shaped trophozoites were seen in infected mature erythrocytes in positive blood films (Fig. 1D ).
Molecular analysis
Seven of the 22 blood samples yielded positive PCR amplifications, whereas six blood samples were found positive by microscopic examinations (Table 1) . By combining results from both methods, the overall prevalence of infections for the 22 sampled raptor birds was 32%. One Leucocytozoon spp. PCR-positive sample could not be observed in its corresponding blood films by microscopic examination. In addition, one sample that produced positive amplifications for both Plasmodium sp. and Leucocytozoon sp. by PCR was also found to be infected with a Haemoproteus sp. using microscopy, an infection that could not be detected by PCR. The cyt-b of the parasite mtDNA target fragment was successfully amplified and sequenced from all PCR positive samples, and all sequences were submitted to the MalAvi and GenBank databases. In total, five different parasite haplotypes from two avian haemosporidian genera were found, three of which had not been previously described (Table 1) Although haplotype L-CIAE02 had already been found in birds belonging to the orders Charadriiformes, Gruiformes and Coraciiformes, L-STAL5 was described for the first time in a strigiform bird (S. aluco). For Plasmodium spp., haplotypes P-TURDUS1 and P-BUTBUT02 were found in accipitriform birds. Haplotype P-BUTBUT02, which was found infecting B. buteo and Accipiter nisus (Linnaeus), constituted a new haplotype in the MalAvi and GenBank databases.
Phylogenetic analysis
Individual sequences from P-BUTBUT02, L-STAL5 and L-BUTBUT01 haplotypes were clearly distinguishable in the phylogenetic tree (Fig. 2) . P-TURDUS1 and L-CIAE02 haplotypes clustered together with haplotypes of parasites obtained from mosquito vectors in Switzerland and Japan as well as with several haplotypes reported from avian hosts belonging to several different orders. To further characterise our Plasmodium infections, we carried out a phylogenetic analysis that included sequences that were previously linked to Plasmodium morphospecies. The haplotypes of morphological species were all clearly distinct in this phylogenetic tree and our newly described haplotype P-BUTBUT02 clustered together with haplotypes previously linked to the morphospecies Plasmodium circumflexum Kikuth, 1931 (Fig. 3) . Haplotype P-BUTBUT02 showed 99.5% and 97.4% identity to P-TURDUS1 and SW5 haplotypes, respectively, both of which were morphologically described as P. circumflexum by Palinauskas et al. (2007) and Valkiūnas et al. (2014) .
P-BUTBUT02 and P-TURDUS1 haplotypes showed the most genetic similarity (99.8%) to haplotype P-BT7. Haplotype L-STAL5 showed 99.8%, 99.5%, 92.8% and 92.5% identity to haplotype L-SIMUL01 obtained from Simulium lineatum Meigen in Turkey (GenBank accession no. KF184646), haplotype L-STOCC09 recorded in Strix occidentalis occidentalis Xantus de Vesey from USA (GenBank accession no. EU627806), and haplotypes L-CI-AE02 and L-BUTBUT01, respectively. L-CIAE02 and L-BUTBUT01 were 99.8% identical to each other.
DISCUSSION
In the present study, both microscopy and PCR-based methods were applied to survey raptor birds for avian haemosporidian infection in Turkey. The main reason for using microscopy was to detect sexual development stages of avian haemosporidians in blood films. The sexual stages were observed in blood films from six out of seven PCR-positive samples. Although PCR amplified Leucocytozoon DNA from a blood sample from Asio otus, the sexual development stages of this infection could not be found in corresponding blood films. PCR-based method showed one more sample positive than microscopy. In contrast, one co-infected sample amplified DNA from Plasmodium and Leucocytozoon spp. but failed to amplify DNA from a Haemoproteus sp. that was clearly observed by microscopy. Moreover, gametocytes of Haemoproteus sp. from this particular bird were noticeably more abundant than erythrocytic stages of Plasmodium sp. This result supports the suggestion that co-infections with species of Haemoproteus and Plasmodium are not efficiently detected by cur- rent PCR techniques and that the use of double nucleotide peaks on sequence electropherograms to identify co-infections is insufficient , Martínez et al. 2009 ). This may explain why several former molecular studies have stated that single haemosporidian infections are more common than co-infections (Beadell et al. 2006 , Bonneaud et al. 2009 , Loiseau et al. 2010 , Zehtindjiev et al. 2013 . Hence, our results show that the combination of microscopy and PCR is essential for detection and identification of avian haemosporidians.
A portion of the mitochondrial cytochrome b gene has often been used as a dominant gene region in taxonomy, systematics, ecology, biogeography and evolution studies of avian haemosporidian parasites ). For instance, Clark et al. (2014) found that 153 out of 162 examined avian haemosporidian publications targeted cyt-b for nested PCR screening. Although different nuclear markers have been used in both host and vector studies, cyt-b gene has been successfully used as a barcode of avian haemosporidian species to determine mtDNA lineages , Chagas et al. 2013 ). Due to the lack of detailed information for many GenBank entries, the MalAvi database, which includes data on avian parasites belonging to the genera Plasmodium, Haemoproteus and Leucocytozoon identified by a partial region of cyt-b sequences, is a primary resource for describing patterns in the diversity and distribution of these parasites (Valkiūnas et al. 2008b ). In the present study, a 479 bp fragment of the cyt-b gene was successfully used in order to define unique haemosporidian lineages. In phylogenetic analysis, we included both GenBank as well as MalAvi records for reducing the risk of using multiple names for identical lineages.
Species of avian Plasmodium are known to be host generalists and are often capable of being transmitted to avian hosts belonging to different families or orders (Waldenström et al. 2002 , Dimitrov et al. 2010 . However, species of Leucocytozoon are considered host-specific mostly at avian order and in some cases family, subfamily and species levels (Forrester and Greiner 2008) . In the present study, P-BUTBUT02, L-STAL5 and L-BUTBUT01 were new haplotypes in the MalAvi and GenBank databases from all recorded haemosporidian haplotypes (5 in total). The remaining two haplotypes, P-TURDUS1 and L-CIAE02, have been known from previous studies. P-TURDUS1, which was described morphologically as P. circumflexum by Palinauskas et al. (2007) , has been recorded in a variety of birds belonging to the orders Passeriformes, Accipitriformes and Charadriiformes (MalAvi 2015) . Moreover, Krone et al. (2008) and Hanel et al. (2016) also reported P-TURDUS1 in Accipiter gentilis (Linnaeus) and Buteo buteo.
The results of our study support the statement that species of Plasmodium are host generalist and can infect hosts of wide range. Although L-CIAE02 has been found mainly in accipitriform birds, this haplotype was also recorded from several bird species belonging to the orders Charadriiformes, Gruiformes and Coraciiformes according to the MalAvi and GenBank databases. However, the studies which claimed that L-CIAE02 was found in different avian orders were generally unpublished, according to the available data on L-CIAE02 haplotypes. Moreover, Fourcade et al. (2014) found the L-CIAE02 haplotype in two infected corncrakes (Crex crex Linnaeus) using PCR-based methods in Poland and Russia, though no microscopy was included. However, in order to determine the true host specificity of this species of Leucocytozoon, it was necessary to make blood films and to do morphological analyses for detection of sexual development stages. Hence, due to the lack of information on the recorded sequences and also to differences in methodology across studies, it is difficult to claim that L-CIAE02 can complete its life cycle and produce infective stages in several different avian orders.
In the present study, haplotype L-CIAE02 was found in Buteo rufinus, B. buteo and A. otus. L-BUTBUT01 haplotype which differs from L-CIAE02 by a single nucleotide has been haplotyped for the first time from B. buteo. Another haplotype, L-STAL5 was found in Strix aluco and was closely related to another haplotype of Leucocytozoon (L-STOCC09) that was previously obtained from Strix occidentalis occidentalis. L-CIAE02 haplotype was recorded in A. otus by PCR, but sexual development stages could not be observed in blood films of this raptor bird even after careful examination of all blood films. It is possible that developmental stages could not be detected because of a very light infection. The other possibility is that PCR amplified DNA of persisted sporozoites in peripheral bloodstream that were recently injected by dipteran vector. Therefore, it is unclear if Leucocytozoon sp. (L-CIAE02) completes development in A. otus, a bird that belongs to the order Strigiformes. Although our results support the idea that species of Leucocytozoon can be host specific at the avian order level, it is still necessary to design experimental investigations using both avian and vectors hosts in order to understand the mechanism of host specificity of Leucocytozoon.
In the present study, the genetic distance between the newly recorded P-BUTBUT02 and P-TURDUS1 (P. circumflexum) was calculated as 0.5% and P-BUTBUT02 clustered together with haplotypes of P. circumflexum (Fig. 3) . According to the 5% genetic distance criterion proposed by Hellgren et al. (2007) , the new haplotype P-BUTBUT02 could be attributed to P. circumflexum because of this low genetic distance and tight clustering with known haplotypes. However, to confirm this criterion, it is essential to take morphological measurements and identify sexual development stages with detailed descriptions. In the present study, the prepared films from B. buteo and A. nisus blood samples (P-BUTBUT02 haplotypes) were not sufficient for descriptions of parasite morphology due to low intensity infections. Thus, BUTBUT02 could only be identified to the genus level as Plasmodium.
Turkey is located in the Western Palearctic ecozone and has one of the richest bird faunas in this zoogeographic region and is home to two important migration routes that have favourable wetland habitats for migratory birds (Magnin et al. 2000) . However, the avian haemosporidian studies are very limited in the vast territories of Turkey. Inci et al. (2012) surveyed the lineage diversity of avian haemosporidians in mosquitoes, which were collected from Kayseri Province in the Central Anatolian Region. The authors analysed these mosquitoes using molecular techniques and reported the presence of several avian Plasmodium parasites in potential mosquito vectors in this region.
In the present study, we have described three new avian haplotypes infecting raptor birds, which maybe will be highly useful to future studies of diversity and host specificity on the avian haemosporidian. The injured and/or sick raptor birds examined in this study were also found in Kayseri Province and 32% of examined birds were infected with haemosporidians. We therefore suggest further investigations on the diversity of avian haemosporidians and on potential host-parasite relationships should be conducted in this region of Turkey.
In conclusion, the findings presented here provide a baseline for a better understanding of the distribution of avian haemosporidian parasites in the poorly studied group of raptor birds in the Central Anatolia Region of Turkey. This study shows that a combination of PCR-based and microscopic methods is an ideal approach for understanding the true diversity and host specificity of these parasites. In addition, our findings open new horizons for the study of avian host interactions among avian haemosporidians. Further studies with a larger sample size in different regions within Turkey may be useful to better understand the epidemiology and ecology of haemosporidian parasites in raptor birds.
